ABSTRACT It is shown that the amino acid sequence and the DNA gene sequence of the 25 amino-terminal residues of the lac repressor protein of Escherichia coli are homologous with the sequences of five DNA-binding proteins: the cro repressor proteins from phage A and phage 434, the cI and cdi proteins from phage A, and the repressor protein from Salmonella phage P22. The region of homology between lac repressor and the other proteins coincides with the principal DNA-binding region ofcro repressor. In particular, residues Tyr-17 through Gln-26 oflac repressor correspond to the a-helix Gln-27 through Ala-36 of cro repressor, which we have postulated to bind within the major groove of the DNA Fig. 1 shows a comparison of the amino-terminal sequences of a series of proteins that bind to sequence-specific regions of double-stranded DNA (5). cro and 434-cro are small repressor proteins from bacteriophage A and bacteriophage 434, respectively (10-13). "cI" (often referred to as A repressor) and "P22" are larger repressor proteins from phage A and from Salmonella phage P22, respectively, that, under different circumstances, can mediate positive or negative control of gene transcription (14-18). "clI" is also larger than cro and, in conjunction with another protein (cIII), acts as a positive regulator of transcription in bacteriophage A (16, 17, 19, 20) . With the exception of cro and cI, these five proteins all recognize different sequences on the DNA.
The way in which certain proteins recognize specific base sequences within double-stranded DNA has been a central problem in molecular biology. From a biochemical and genetic point of view the best-characterized example of such an interaction is the lac repressor-lac operator system of Escherichia coli (1) (2) (3) , but the lack of good crystals has prevented the determination ofthe three-dimensional structure ofthe lac repressor protein. Recently; we determined the. structure of the cro repressor ("cro") from bacteriophage A and proposed a model for its interaction with DNA (4) . We have also shown on the basis of amino acid sequence and DNA gene sequence comparisons that the helical DNA-binding domain of cro probably occurs in a number ofother DNA-binding proteins, including cro protein from bacteriophage 434, cI and cIT proteins from bacteriophage A, and the Salmonella phage P22 repressor protein (5) . Here we suggest that the DNA-binding region of lac repressor also includes an a-helical region that interacts with its DNA operator in a manner similar to that proposed for cro. The suggested mode of interaction of lac repressor with lac operator is consistent with a variety of biochemical and genetic evidence and is also strikingly similar to that proposed previously by Adler et al. (6) .
Comparison of DNA-binding proteins Fig. 1 shows a comparison of the amino-terminal sequences of a series of proteins that bind to sequence-specific regions of double-stranded DNA (5) . cro and 434-cro are small repressor proteins from bacteriophage A and bacteriophage 434, respectively (10) (11) (12) (13) . "cI" (often referred to as A repressor) and "P22" are larger repressor proteins from phage A and from Salmonella phage P22, respectively, that, under different circumstances, can mediate positive or negative control of gene transcription (14) (15) (16) (17) (18) . "clI" is also larger than cro and, in conjunction with another protein (cIII), acts as a positive regulator of transcription in bacteriophage A (16, 17, 19, 20) . With the exception of cro and cI, these five proteins all recognize different sequences on the DNA.
As can be seen in Fig. 1 , there is extensive amino acid sequence homology between the five DNA-binding proteins. The correspondence between the five proteins can also be seen in the DNA gene sequences that code for the respective polypeptides, and, on the basis of this sequence homology, we have argued (5) that these proteins all have in common a region of tertiary structure corresponding to the segments labeled al, a2, and a3. In the cro structure, al and a2 are "structural" a-helices, whereas a3 is the "DNA recognition" a-helix, which we have postulated to lie within the major groove of B-form DNA and to be primarily responsible for the specific recognition of the DNA by the protein (4) .
A series ofcomparisons ofboth the amino acid sequence . (21, 22) and the DNA coding sequence (23) indicates that the lac repressor protein from E. coli ("lac") may also have structural features in common with the other DNA-binding proteins. In Fig. 1 we have included the first 38 amino acids of lac, aligned to maximize the homology with the other proteins. The homology is most striking in the region [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] of cro (9-22 of lac), where Gly-24 is invariant and Ala-20 and Val-25. of cro, which are conserved in four of the five proteins, also occur in lac.
The homology between lac and the other proteins can also be seen at the level of the DNA sequences that code for the respective polypeptides. Leu-Gly-LYS-Met-VAL-GLY-VAL-Ser-Asn-val-ALA-ILE-SER-Gln-TRP-GLU-ARG-Ser-Glu-THR-Glu-Pro-Asn-Gly-Glu-Asn-LEU-Leu-Ala-LEU- table also includes the average value for each protein compared, in turn, with the other five. Somewhat surprisingly, the average agreement ratio for lac is the second highest in the series. Significance of the sequence homology It might be asked whether the amino acid homology between lac repressor and the other proteins listed in Fig. 1 is sufficiently good to provide convincing evidence that lac repressor is, in fact, related to the other proteins. In estimating the significance of the homology, the essential factor that has to be taken into account is that the first five sequences are already aligned among themselves so that the lac sequence is aligned simultaneously with each of the other five sequences. It is this simultaneous correspondence that increases the overall significance of the homology. For example, if one compares the first 22 residues of iac repressor with cro repressor alone, there are 4 equivalences (Fig. 1) . A frequency of 4 in 22 is above the chance value ofabout 1 in 15 for a typical amino acid composition (24) but, on its own, is not unusual (significance of 2.2cr). However, in the case of simultaneous agreement between one protein and a number ofothers, it is necessary to sum all the equivalences between the one protein and each of the other proteins (24, 25) . For the first 22 residues of lac repressor there are 110 (i.e., 22 x 5) possible matches with the other proteins, and, of these, 27 residues are identical (Fig. 1 ). An agreement of 27 amino acid residues out of 110 (significance of 7.5cr) is very unlikely to have occurred by chance and is usually taken as clearcut evidence for significant sequence homology (24) .
In addition to using the amino acid sequence homology, we also attempted to evaluate the significance of the homology between the gene sequences ofiac repressor and the other proteins. To see whether the agreement ratios between lac and the other proteins listed in Table 1 are better than for other alignments, we took the first 21 amino acids oflac, translocated them to the left or the right of the alignment shown in Fig. 1 , and calculated the number of corresponding bases. Table 1 summarizes the results for the ten cases in which the gene sequence beginning at Met-i of lac was aligned, in turn, with gene sequences beginning at Leu-7 through Gln-17 ofcro (and the corresponding alignments for the other proteins). In each case, the average base agreement ratio for the 10 possible alignments is close to the expected value of 0.25. The best agreement ratios for the 10 possible alignments are, with one exception (lac vs. cII), substantially poorer than the ratios obtained for the alignment of lac as in Fig. 1 bases that are common for a given pair of proteins. mon) relative to the corresponding highest control values (about 35%) are particularly noteworthy. Furthermore, it has to be emphasized that the "average ratios" in Table 1 were obtained for lac repressor aligned simultaneously with the five other DNA-binding proteins, whereas the "highest ratios" were selected from the 10 possible alignments of lac with each of the individual proteins in turn.
In another test we took the gene sequence for the whole lac repressor molecule and calculated the base agreement ratio as defined in Table 1 for every possible 60-base segment of lac aligned with the other five proteins. For these 1018 alignments, the average fraction of the 300 (i.e., 60 X 5) possible bases in common between lac and the other five proteins was 0.249 (compare the expected value of 0.25), the standard deviation, oa, was 0.036 and the highest value of 0.424 was for the alignment of the lac sequence shown in Fig. 1 Convincing sequence homology between two proteins provides compelling evidence that they have similar three-dimensional structures (30) , but it has to be noted that the apparent amino acid and DNA sequence correspondence for lac is restricted to a stretch ofabout 25 amino acid residues, so that the significance of the implied structural homology might be questioned. Clearly one has to ask if the postulated structural correspondence between lac and the other proteins (cro in partic- The twofold axis that relates the subunits of the repressor also passes through the central base pair (no. 11) of the operator. The backbone of the 30 amino-terminal residues of lac repressor (shown solid) is drawn as if it were identical with the backbone of residues 11-40 of cro repressor, although it is likely that the 5 or 6 amino-terminal residues of lac interact more closely with the DNA than is suggested by the figure (see text) . Solid circles and half-solid circles indicate residues that are thought, on the basis of known mutations at these locations, to potentially interact with the DNA. Open circles show residues that are presumed, on the basis of genetic evidence, not to interact with the DNA (see caption to Fig. 1 ). Base pairs given at the left are those for which binding of the repressor modifies the availability of the purine to methylation by dimethyl sulfate (27) . G-C or C-G methylation occurs in the major groove, whereas A-T or T-A methylation occurs in the minor groove. A minus indicates that lac repressor binding inhibits methylation; a plus indicates enhanced methylation in the presence of repressor. Also shown at the left are the locations of known OC operator mutations, which reduce the affinity of the repressor for the operator (data from ref. 28 ular) is consistent with the known properties of lac repressor.
Both biochemical and genetic evidence shows that most, if not all, of the DNA-binding region of lac resides within the 60 amino-terminal residues of the protein (2, 3, 6, 31, 32) . Under certain conditions, tryptic cleavage of the intact tetrameric repressor yields four amino-terminal "headpieces" of 51 or 59 residues and a tetrameric "core" with full inducer binding activity (31, 32) . These headpieces bind nucleic acids, interact with the lac operator (33) , and protect the same set of bases against methylation as does the intact repressor (34) .
Predictions of the secondary structure of lac repressor give conflicting results (6) (7) (8) (35) (36) (37) (38) , some ofwhich are in agreement with the proposed conformation.
A series of genetic analyses has pinpointed a number of residues of lac that may be directly involved with DNA binding Fig. 2 ). The horizontal line shows the location of the twofold axis that passes through the center of the operator and also relates the repressor subunits. The broken line extending along the DNA shows the location of the bottom of the major groove.
(2, 3, 6-9). In Fig. 1 In 1972, Muller-Hill and coworkers (6) proposed that the DNA-binding region of lac consisted of a protruding a-helix that extended from amino acids 17 to 33. Our analysis suggests that, in the main, these workers (6) were very close to the truth, even though their ideas concerning the role ofthe four subunits of lac need modification. The structure we propose for the DNA-binding region of lac repressor is not consistent with models in which the operator-binding region adopts an extended 3-strand conformation (35, 39) or a left-handed 8-helix (40, 41) . However, as can be seen in Fig. 3 , the proposed structure is consistent with the recent nuclear magnetic resonance study of Arndt et al (42) indicating that Tyr-7 and Tyr-17 are very close to each other, possibly ring stacked, and that and His-29 are at or near the surface of the protein.
On the basis ofthe knowledge of the cro structure we suggest that the lac repressor binds to its operator with a twofold symmetry axis of the repressor coincident with the twofold axis of the DNA operator (4, 43) . Probably one pair of twofold-related subunits of the repressor tetramer makes contact with one operator (43) (44) (45) (46) (47) (48) and, in addition, the second pair of twofold-related subunits constitutes a second operator-binding site, explaining the observed stoichiometry oftwo operators bound per repressor tetramer (49, 50) . We postulate that a pair of twofoldrelated a-helices lies within successive major grooves of the DNA, as is the case for the cro protein (4). Recognition ofa specific DNA sequence is mediated primarily by a complementary set of hydrogen bonds between the side chains of the protein and the parts of the base pairs that are accessible in the major grooves of the DNA. The action of inducer in reducing the affinity of lac repressor for its operator DNA is most easily envisaged as causing a slight conformational rearrangement ofthe subunits so that the relative alignment ofthe two DNA-binding helices is perturbed. This could be a general phenomenon for allosterically regulated DNA-binding proteins. The separation of the DNA-binding function into one domain and the regulatory function into a second domain also seems to be generally true for such proteins.
On the basis ofthe model-building experiments with cro, the 30 or so amino-terminal residues oflac would make interactions predominantly on one face of the DNA extending to seven or eight base pairs on either side of the central dyad. This is consistent with the locations of recognition sites of lac operator inferred from chemical protection (27, 51) , genetic (28) , and modification (52) experiments. The proposed structure of lac repressor as drawn in Figs. 2 and 3 would not explain the outermost methylation protection/modification sites, which are seven and eight base pairs from the center of the operator and located in the minor groove of the DNA. However, we have suggested above that the five or six amino-terminal residues of lac undergo a conformational adjustment and probably interact more closely with the DNA than is suggested by Figs. 2 and 3 . These interactions might extend, for the respective lac subunits, to base pairs 1 and 21 in Fig. 2 and could well account for the outermost protection/modification sites. Another possibility is that the part of the lac headpiece including residues 45 and 47, which are possibly involved with DNA binding, interacts with the outermost part of the operator. It is also possible that the region of the headpiece including Lys-33, Arg-35, and Lys-37 interacts with the central part of the operator (Figs. 2 and 3 ). In our model for the lac headpiece structure, Lys-2, Arg-22, and His-29 are in a position to make contact with the DNA, and we have suggested that some or all of Lys-33, Arg-35, Lys-37, and the amino terminus of the protein could interact as well. Allowing for the combined interactions in the twofold-related subunits accounts for the experimental estimation that the nonspecific interaction of lac repressor with DNA involves about 11 ionic interactions with the sugar phosphate backbone and also that binding of the repressor is accompanied by uptake of two protons, probably on histidines or a-amino groups (53) (54) (55) (56) .
Although the proposed model for the DNA-binding region of lac repressor may not include all parts of the protein that interact with the DNA, it could well account for most, if not all, of the sequence-specific interactions. As such, it can be tested by matching models of the protein with native, mutant, and modified operator sequences. Detailed model building can be used to try to understand the structural basis for the sequence specificity of the recognition of operator DNA by the cro repressor. Similarly, the proposed structure for the DNA-binding region of lac repressor will permit the building of a detailed model of a putative lac repressorlac operator complex. The consistency of this model with the wealth of experimental data on the lac system should serve as a test for the validity of the structure that we have proposed.
